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The Hg’CHs;, Hg**CHa, Hg'?CD3, 1%°*Hg*CHjz, 2°'Hg'?CHs, 20'Hg'CHj, 1°°*Hg'?CDs, and?*'Hg'?CD; radicals

have all been formed in a microwave discharge and isolated in an inert neon matrix. Their electronic structure
was established for the first time using electron spin resonance (ESR) spectroscopy. The following magnetic
parameters were determined from the experimental spegtra, 1.84525(20) As(**°*Hg) = 4337(3) MHz,
Ar(?°Hg) = 1604(1) MHz,An(*3C) = 146(2) MHz,A(H) = 31(1) MHz, andAy(D) = 5(1) MHz. Estimates

were made for the following magnetic parameteys= 1.990(5),A|(***Hg) = 5658(10) MHz,A(*°*Hg) =
2094(10) MHz, andy,(**C) = 270(25) MHz. The free atom comparison method (FACM) was used to determine
the unpaired electron spin density distribution for the radical and to develop a bonding model. The HgCH
radical results are compared with our previous results for the ZreBld CdCH radicals as well as other
mercury-containing radicals such as HgH, HgCN, and HgF.

I. Introduction

The current investigation was prompted by our previous work
on the ZnCH and CdCH radicals!2 We now complete our
study of the group 12 monomethylmetal radicals with the last
of the series, the HgCHradical. Several isotopomers of the
HgCH; radical were isolated in a neon matrix and their

electronic structures probed using electron spin resonance (ESR

spectroscopy. This study provides the first definitive spectro-
scopic observation of the HgGHladical. Theg tensors and a
full set of magnetic hyperfine parameters are reported.

There have only been a handful of publications in the
literature dealing with the HgCitadical. The HgCH radical
is known to be one of the pyrolysis products of dimethylmer-
cury 34 The evidence thus far in the literature suggests that the
mercury-carbon bond in the HgCiHadical is extremely weak.
Kominar and Price investigated the thermal decomposition of
dimethylmercury in a toluene carrier gas flow system and
determined the mercurycarbon bond dissociation energy for
the HgCH radical to be between 1.1 and 2.6 kcal molvith
an error of+2 kcal molL.5 Kallend and Purnell in another study
of the gas-phase thermal decomposition of dimethylmercury
suggest that the breakdown of the Hgfkhdical proceeds
without a measurable activation enerfgyackson has applied
RRKM theory combined with a steady-state master equation
and determined a bond dissociation energy for the HgCH
radical of 5.4% 3.0 kcal moiL.6 Therefore the HgCHradical
is expected to be an extremely unstable species.

As a result of this instability there have been few spectro-
scopic studies involving the HgGHladical and there has been
no definitive spectroscopic identification of this radical. The
products of the photodissociation of dimethylmercury by ArF
(293 nm) and KrF (248 nm) laser irradiation have been isolated
in dilute argon matrixes by Cpin and co-workerg.The IR

absorption, UV absorption, and luminescence spectra of the
products were recorded. Near UV emission bands in the spectra
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were tentatively attributed to an unstable FRyf-CHs; complex
in the matrix. An argon matrix isolation IR (MI-IR) spectro-
scopic study was also carried out by Snelson on the gas-phase
pyrolysis products of dimethylmercury, and a tentative assign-
ment was made for the production and trapping of the HgCH
radical® Greene and co-workers have used argon matrixes to
rap the products of the reaction of mercury atoms with
ethané. The HHgCH radical was identified as one of the
products by IR spectroscopy; however, the HgCatlical was
apparently not formed even after irradiation of the matrix for
2—4 h with the output of a 500 W medium-pressure mercury
arc lamp equipped with a water filter. Legay-Sommaire and
Legay also formed the HHgGCHadical in an argon matrix and
studied it using IR spectroscop§!! Again the HgCH radical
was not observed. An ESR study of the electron-loss centers
from HHgCH; in Freon at 77 K has also been conducté@ihe
matrix was irradiated with ionizing radiation, which generated
the CH-HgH™ and CHHg-H™ radical cations. Matrix isolation
studies conducted on the reactions of mercury atoms with both
methane and hydrogen have identified products includingigH
HgD,, HHgD, HgD, and HHgHgH in a variety of matrixes
including argon, hydrogen, methane, and nitro&fe.

Mercury is a known environmental pollutant particularly in
aquatic system®~17 Both metallic and inorganic forms of
mercury are predominantly converted to dimethylmercury in
these systems through biomethylation by bacteria and fungi.
The major decomposition product of dimethylmercury in aquatic
systems is the water-soluble Hg€Hcation. In fact, in living
tissue most of the mercury is present as HgCH This
compound of mercury is more toxic than the metallic form, and
it is HCHs* that is of concern in terms of pollution control.
The HgCHT' cation bioaccumulates in organisms and is
biomagnified up the food chain all the way to m&mlthough
here we are investigating the neutral radical, HgCkhe
electronic structure information derived will help to elucidate
the bonding and therefore properties of the HgCldation.

The matrix isolation ESR (MI-ESR) technique has already
been used to study several mercury-containing species. Knight
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and Weltner have isolated the HgH radical in an argon matrix was typically 1 x 10~7 Torr. This pressure increased to
and determined thg tensors and hyperfine structure constants approximately 4x 107> Torr with the introduction of the
for the interaction with the H, D19Hg, and2%™Hg nucleil8 mercury vapor and reagent gas mixture. The matrix was
More recently, Stowe and Knight reinvestigated the electronic deposited onto an oxygen free high-conductivity (OFHC) copper
structure of the isotopomers of the HgH radical in both argon deposition target which was maintained at 4.3 K by a continu-
and neon matrixestat K using MI-ESR!® In this study the ous-flow liquid helium cryostat (Cryo Industries of America
parallel peaks of the HgH radical, which had not been observed RC110). The matrixes were deposited ogel hperiod. ESR

in the earlier argon experiments, were recorded and analyzedspectra were recorded at temperatures of 48 &K with a
and a full set of hyperfine and tensors were determined. In  microwave power of 5 mW and a microwave frequency of
the present investigation we have employed the same generatiorapproximately 9710 MHz on a Bruker ESP300E spectrometer
method for the HgChliradical as that of Stowe and Knight for  equipped with a DM4116 cavity.

their study of the HgH radical. Knight and Lin have formed Spectral analysis was carried out o t& K spectra using
and trapped the HgCN radical in rare gas matrixes.Jtemsors exact diagonalization of the spin Hamiltonian with the program
and hyperfine structure constants were determined by ESR forGEN developed by Knight and co-workeéfs® The spin
both thel®Hg and?°Hg isotopic forms of the radicaf. Knight Hamiltonian used was

and co-workers generated the HgF radical through photolysis o A S

and isolated it in an argon matrix at 122K The magnetic H=pBg§S+ Z(T“A‘-S— 9B.B1 + 1P
parameters obtained were used to determine the electronic [

structure of the radical. The MI-ESR technique has already been

used to study several monomethylmetal radicals thus far. Thewhere all symbols have their usual meanthgh quadrupole
MgCHs 22 ZNnCHs 2, CdCHs,! and PACH? radicals have all been  coupling term was included to fit ti#'Hg'’CH; data. The ESR
investigated using MI-ESR. Related radicals that have beenanalysis was carried out using a Dec Alpha DS10 workstation.

investigated using this technique include HGa@+HHCUCH 25 The experimentalis, and Agip values were derived from the
HAICH 3,26 FCuCH;,2” and CuCH.28 following standard expressior:
_ 2ot A

Il. Experimental Section A
SO 3
The main vacuum system and apparatus used for these
experiments have been described in detail elsewhArbrief Adip = Aiso ~ Ag
description of the experimental procedure specifically employed
for these experiments and the modifications made to carry out Where
these experiments will be given here. 5
The HgCH radical was generated by passing mercury vapor Aso= 8799819 (0)1/3
and a methyl precursor through a microwave powered resonance _ 3
lamp. The mi%rowave source employed Wag a Minato Model Adip = 9eOBen 13 cos 0 — Hix'D
MT-150 modified to give a full wave output coupled to an
Evenson model cavity (Opthos Instruments, Inc.). The products
of the gas-phase reactions were then trapped in a solid neon The natural isotopic distribution of mercury metal'f$Hg
matrix at 4.3 K and their ESR spectra recorded. The methyl (0.15%),1%8Hg (9.97%)1%Hg (16.87%)2°Hg (23.10%)2Hg
radical precursors used weré®QHs)sAl (Aldrich), 12CHal (13.18%)%°Hg (29.86%), and®Hg (6.87%)32 The only nuclei
(Aldrich), 13CHjl (Aldrich, 99 at. %'3C) and*2CDsl (Aldrich, with a nonzero nuclear spin are th&¥Hg (u = 0.50271,] =
99.5+ at. % D). The precursors were freezgump-thawed 1/5) and?®Hg (u = —0.55671] = 3/,) isotopes. Therefore only
several times to remove any dissolved air but were otherwise radicals with these isotopes of mercury will show any metal
used as received. Neon (Spectra Gases Research Grade) wds/perfine splitting. The other even-numbered isotopes all have
passed through liquid nitrogen cooled molecular sieve traps no net nuclear spinl (= 0) and therefore will produce single
(Linde 5A) before use. The reagent gas mixtures were preparedoverlapping ESR spectra. These isotopes will simply be
in a separate high-vacuum preparation system using the pressurdesignated as Hg with no specific isotopic label.
ratios (MKS Baratron) of the neon and the specific methyl Figure 1 shows the ESR spectrum assigned to thEéCHs
radical precursor. Typical concentrations for #€Hsl and radical isolated in a neon matrix & K formed by passing
(*2CHz)3Al mixtures were~200 ppm and~600 ppm for the mercury vapor and ar200 ppm {2CHs):Al/neon gas mixture
13CH3l and *2CDsl mixtures. The background pressure in the through a microwave discharge. The upper trace shows the peaks
high-vacuum preparation system before the mixtures were madeassigned to this radical whereas the lower expanded trace
was typically 5x 1076 Torr. The mercury used was purified in  provides a more detailed view of the peaks. The three equivalent
an ultrasonic bath by washing with soapy watM nitric acid, hydrogen nucleil(= 1/,) in the radical are expected to give a
deionized water, and then ethanol. The mercury was thenquartet with a 1:3:3:1 relative intensity pattern. The peaks
transferred into a cell equipped with a Teflon stopcock and observed are upfield aje and have an approximately 1:3:3:1
freeze-pump-thawed several times before use. The mercury relative intensity pattern and a “phase-down” line shape. This
vapor and the methyl radical precursor/neon gas mixture were line shape suggests that these peaks are the perpendicular peaks
then simultaneously passed thrbug 6 mmo.d. quartz tube arising from radicals with a perpendicular orientation with
that passed through the microwave-powered resonance lamprespect to the applied field and thus implies axial symmetry
On average the flow rate of the methyl radical precursor/neon for the HgCH radical. The parallel peaks are expected to be
gas mixture was8 standard cubic centimeters per minute significantly weaker than the perpendicular peaks and were not
(sccm). The mercury flow rate was solely determined by the observed in these experiments. The peaks due to the HgH and
vapor pressure of the liquid and no additional adjustments were H radical species can also be seen in the upper trace of Figure
made. The background pressure of the main vacuum systeml. The lower expanded trace shows that the HgCatlical

Ill. Results
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Figure 1. ESR spectrum assigned to the HgHs radical in a neon

matrix & 9 K (upper trace) and an expanded view (lower trace). The

ESR peaks due to HgH and H are also labeled.
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TABLE 1: Magnetic Parameters (MHz) of the Isotopomers

s 4
of the HgCH3 Radical W""*"V”“L/“\ A e "N\‘Vl\ﬂwvxv“‘“w
9 ] An Al As®  Agp® Q° M;=1/2 X6 l‘l | My=-1/2
1999 1.84525(20) 1.990(5) 4337(3) 5658(10) 4921(5) 345(8) , . T— off-angle
201Hg 1.84525(20) 1.990(5) 1604(1) 2094(10) 1824(4) 132(5) 98(8) 2550 2630 4360 4440 [G]
|1_|st igig;ggg)) igggg’; 1316((%)) 270(25) %3?8) 41(11) Figure 3. ESR spectrum assigned to tHéHg!2CH; radical in a neon
pd 1:83947(20) 1:991(10) 5(1) 5(1) matrix & 9 K (lower trace). The upper trace shows the simulated ESR

spectrum generated using the magnetic parameters in Table 1 (see text).
aThe experimental uncertainties were determined by the change The perpendicularl{) and off-angle peaks are labeled.
required to shift the simulated line positions outside the experimental
line p_osition error margin or the change required to significantly alter at the same field as the FRgH; radical quartet. The partially
éi%fé’:sﬁgargda{'r:‘; ?:SES?SZ aggﬁgpc ;’i"gnre fg?'ctf'a}tegﬁggg S?r?g:g d  resolved septet can be seen in the lower trace of Figure 2. The
experiments cannot determine the signsAgf of Agp. ¢ Q' = 3P,2; deuterium splitting is smqller than the hydrogen spllt_tlng because
see textd Ag, for hydrogen and deuterium is expected to be small Of the reduced magnetic moment of the deuterium nucleus
thereforeAs, is assumed to be equal £o. compared with the hydrogen nucleus. The observed deuterium/
hydrogen hyperfine splitting ratio of 0.160 is quite close to the
occupies two major trapping sites in the matrix. The magnetic €xpected ratio of 0.154 calculated from the magnetic moments
parameters given in Table 1 were determined for the predomi- Of the deuterium and hydrogen nuclei. Also note thatghéor
nant site using an exact diagonalization of the spin Hamiltonian the Hg?CDs radical is lower than the H§CHs radicalgs value
to fit the experimental line positions within their experimental in Table 1. This same lowering of; was also observed for the
uncertainty. Very similar spectra were obtained usi@Hsl HgH/HgD radical casé?!® The Hg?CHjs radical was formed
instead of 2CHz)3Al. It is not clear whether the HgCHadical in both the HG*CH; and HgCDs experiments as an impurity
is formed in the gas phase and isolated during deposition or Species due to the presence of a background methyl source in
whether the radical forms at the gasolid interface as the neon  the system. This was the case for all of the spectra recorded.
condenses. Given the weakness of the-idgbond the latter The 1Hg (I = ;) nucleus in thel®Hg'?CH; radical is
appears more likely. expected to split the quartet seen in Figure 1 into a pair of widely
Figure 2 gives the ESR spectra for thelfgHs (center trace) spaced quartets. The peaks due to*elgt?CHjs radical are
and Hd2CD; (lower trace) radicals. The radicals were formed shown in the lower trace of Figure 3. T = %/, quartet can
by passing mercury metal vapor and eithé@Hzl/neon or a clearly be seen; however, tivh = —1/, quartet is not as easily
12CDsl/neon gas mixture through the microwave discharge. The distinguishable. For certain randomly orientated molecules an
incorporation of a3C nucleus ( = /5) into the radical splits off-angle or off-principal-axis transition occurs when the first
the original quartet into a pair of quartets. These peaks can bederivative of the ESR absorption curve is significant at an angle
seen in the center trace of Figure 2. The lowest field peak of 8 other than 0 (parallel) or 90 (perpendicular), wheré is the
the lower field quartet was obscured by a larger background angle between the principal axis of the molecule and the
peak and was not observed. Each of these peaks is split in aexternally applied magnetic field vect®h33-34The 19Hgl?CH;
manner similar to the unlabeled case, which is shown in the radical M; = —%, quartet is partially overlapped by an off-
upper trace for reference. This splitting was attributed to site angle quartet, and blank experiments without mercury metal
effects in the matrix. The spectral analysis was carried out on present showed small background impurity signals were un-
the predominant site. The lower trace gives the ESR spectrumderlying both these quartets. The overlap of all three of these
for the Hg?CDs radical. The three equivalent deuterium nuclei signals, the perpendicular, off-angle, and impurity set of peaks,
are expected to produce a septet with a relative intensity ratio gives the resulting pattern seen in the lower trace of Figure 3.
of 1:6:15:20:15:6:1, which should be approximately centered The top trace of this figure gives the simulated spectrum from
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Figure 4. ESR spectrum assigned to tH8Hg'?CHj; radical in a neon matrixta® K (lower trace). The upper trace shows the simulated ESR
spectrum using the appropriate magnetic parameters in Table 1IMThe —%, quartet was obscured by the low-field H line (see text). The

199204gH radical peaks occurring in this field region are been labeled.
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an exact diagonalization of the spin Hamiltonian using the

/

A/
magnetic parameters in Table 1. The magnetic parameters given v \ / ] /A \f/v \f Ve
in Table 1 were determined by fitting the observed peak \/ ‘V‘/ Cy
positions and matching the correct line shape and relative Mo BCH
: . - . . g 3
intensities. The uncertainties in the fitted parameters were - Y
estimated by varying each value until either the simulated peak ﬂw

positions were outside the experimental uncertainty or the line
shape was significantly altered from the experimentally observed
line shape. Although the parallel peaks were not observed,
estimates could be made for tgeand A, values through their iy
effect on the perpendicular peaks and the off-angle set of peaks mHg”H ]J
that were particularly sensitive to these values. The signs of y
the hyperfine coupling parameters cannot be determined by these 4540 4660 1G]
experiments. The magnetic hyperfine parameters given in Tablerijgure 5. ESR spectrum of thl, = 3, 20"Hgl3CH; radical in a neon
1 are for the major matrix site. The simulated peaks for the matrix & 9 K (lower trace). The upper trace shows the corresponding
1994g12CH;z radical show a good match with line position, line simulated ESR spectrum using the appropriate parameters in Table 1.
shape, and the relative intensities betweenMhe= +%, and Peaks due to th#*Hg'’CH; and'%*HgH radicals are also labeled.
—1/, set of peaks. The only discrepancy is the relative intensities
of the peaks for the off-angle quartet for thg = —/- set of for one of the sites using the (GHAI precursor allowed the
peaks. However, it is quite likely that the overlap of the off- identification of the peaks belonging to a particular matrix site.
angle peaks with the background contaminant peaks that were Figure 5 shows the peaks due to i€ splitting of theM,
present in this region as well as the perpendicular peaks would= 3/, 20Hg'3CHj; radical. TheA(*°C) value does not have a
change the relative intensities of the peaks from those observedsignificant effect on the HJCH; radical peak positions.
in the simulation. Therefore the determination of th&(*°C) value for the'3C

The lower trace of Figure 4 shows the peaks observed for nucleus was carried out using tM = 3/, 20'Hg'*CHj radical
the 201Hg12CHjs radical. The?®Hg nucleus (= 3/,) is expected spectrum shown in the lower trace of Figure 5. Two of the peaks

gl \ o

T
WM“ /I

ZOIHgIZCH3

to give four widely spaced quartets. TNg = —3/,, +/,, and of the lower field quartet are obscured due to significantly more
+3/, quartets were all observed; unfortunately, Me= —1/, intense peaks associated with #8HgH radical; background

quartet was totally obscured by the low-field hydrogen atom “°*Hg'?CH; radical peaks are also present. The higher field set
peak and could not be observed. Peaks from#dgH and of peaks in the spectrum are a combination of the perpendicular
201HgH radicals are also labeled in this figure. In fact, one of and off-angle quartets. The off-angle quartet is more intense
the 201HgH radical peaks partially obscures thg = —3/, than the perpendicular quartet it overlaps with and is more

quartet. The upper trace of Figure 4 gives the simulated Sensitive to changes of th#g(**C) value than the perpendicular
201Hg12CH; radical spectrum using the magnetic parameters in peaks. This allows us to make a better estimate forKEC)
Table 1 and an exact diagonalization of the spin Hamiltonian. value, although we still have a relatively large associated
The simulated peaks show a good match with the experimentaluncertainty. The upper trace of Figure 5 is the simulated
peak positions, peak shape, and relative intensities between thé&pectrum for this region using the relevant magnetic parameters

M, = —3,, +1,, and+3/, quartets. A quadrupole term had to in Table 1. A relatively good fit between the simulated and
be introduced into the spin Hamiltonian to obtain a reasonable €xperimental spectra is obtained. The experimental off-angle
fit with the experimental spectrum; this value'(© 3P/2) is peaks are slightly broader than the simulated off-angle peaks.
given in Table 1. TheM, = 3/, peaks appear slightly broader Figure 6 shows th® versus magnetic field plots superim-

than the other sets due to the overlap of an off-angle quartetposed on the simulated ESR spectra for #38Hg'?CHs,

with the perpendicular quartet. Tivd = %, quartet shows the  201Hg'2CHs, and2°'Hg'3CH; radicals. The experimental spectra
presence of a second site which was not as intense favithe are also included for comparison. From this figure we are able
= -3/, and+3/;, sets of peaks. It was found during the course to differentiate the off-angle peaks from the perpendicular set
of these experiments that using a £Lkhethyl precursor rather  of peaks. As mentioned previously, we do not observe the
than (Ch)sAl results in a less significant site effect. Even significantly weaker parallel set of peaks. For #8884g'°CH;
though a second site was present in some of the spectra recordethdical peaks and the lower field set of peaks of¥Heg'3CH;
where a CHl precursor was used, it was always substantially radical the off-angle and perpendicular peaks completely overlap
smaller than in the (ChJsAl case. This reduced signal intensity and remain unresolved.
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Figure 6. 6 versus field (G) plots superimposed on the simulated ESR spectra 8%a}’CH; M, = —1/,, (b) 2*Hg'*’CH; M, = 35, and (c)

201Hg13CH; M, = 3/,. The experimental ESR spectra are also given for each of the radicals (upper trace).
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Figure 7. (a) ESR spectrum assigned to te= —1, 1°Hg'?CD; radical in a neon matrixt® K (lower trace). The inset shows an expanded view
of these peaks and labels the perpendiculdrand off-angle sets of peaks. The upper trace givesvthe —/, 19Hg?CHj radical set of peaks
for comparison. (b) ESR spectrum assigned toNhe= 3/, 20'Hg'?CD; radical in a neon matrixted K (lower trace). TheM, = 3/, 2°'Hg*?CHjs
radical ESR spectrum is given in the upper trace for comparison.

Figures 7 shows the effect of deuteration on the most intensewhereW(X2A,) is the molecular wave function of the HOMO.
metal hyperfine peaks for thé&**Hg'?CD; and 2°Hg'?CD3 The atomic orbitals are represented by lidg 6s), etc. terms,
radicals. Theé"¥*Hg'2CH; and2°'Hg'2CH; radical peaks in this  and theay, etc. factors represent the coefficients for the atomic
region are also given for comparison. As explained previously orbital contribution to the HOMO. The FACM values provide
for the Hg?CDs radical septet, the deuterium hyperfine splitting the squares of these values. Standard theoretical atygand
is smaller than the hydrogen hyperfine splitting. The ratio of Agj, values were used for both the carbon and hydrogen niiclei.
the deuterium and hydrogen splitting agrees with that expected The1%Hg and?**Hg atomicAis, andAgi, values were determined
from the ratio of the deuterium and hydrogen magnetic from the hyperfine coupling constards ai», andags, which
moments. The lower trace of Figure 7a shows the two sets of have been derived from atomic-beam magnetic resonance
septets due to both the perpendicular and off-angle transitionsexperiments$® Althoughay; was not directly determined in these
for the M, = —%/, 19Hg!?CD; radical set of peaks. The lower atomic-beam experiments, it can be determined fromathe
trace of Figure 7b gives th&Hg'2CDs radical spectrum for ~ value and the following theoretical relationsifp:
the M, = 3/, field region. Due to the lower intensity of these
peaks compared with th®#Hgl?CD; set of peaks, a higher
amplitude modulation had to be used, and as a result, the septet
remained unresolved and we see only a single broad feature.The relativistic correction factor use@l was taken from

Schwartz® Theas value is the equivalent of th&s,, value and

Ay, = 50(1 — 8)1)o(1 — €)1,,83

IV. Discussion

The electron spin density distribution for the Hg&tddical
was determined using the free atom comparison method
(FACM). This method involves taking the ratio of the molecular
Aiso andAgj, for each nucleus in the radical with their respective
atomic values. The FACM approximation neglects core polar-
ization, overlap effects, and hyperfine contributions from orbitals

the atomicAgj, value can be derived from tlae, andag/, values

using the following equation%:

P="5 168172 1 331

Adip P

’I.P

centered on other atoms in the molecule. The values obtained! "€ @P0ve equations are approximations and do not include any

are the respective spin densities. A linear combination of atomic
orbitals (molecular orbitals) or LCAO-MO model for the HOMO
of the HgCH radical would take the following form:

W(X?A,) = ayy(Hg 6s)+ ay(Hg 6p)+ ag(C 2s)+
a(C 2p)+ agy(H 1s)

relativistic corrections. The atomic parameters determined were
as follows: Aiso(***Hg) = 35110(80) MHz, Agip(*°*Hg) =
611(42) MHz,Aiso(2°MHg) = 12980(30) MHz, and\sip(2°Hg)
= 225(16) MHz.

Table 2 shows the results of the FACM analysis on the
hyperfine data in Table 1 for the HgGHadical. The HOMO
is predominantly mercury 6p orbital in character with a smaller
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TABLE 2: Comparison of the Experimental Spin Densitie$ TABLE 3: Comparison of the Magnetic Parameters (MHz)
for the HJCH 3, CdCH3 and ZnCH3 Radicals and Experimental Spin Densitie$ for Various

19920 gMICdF Zn e i} o Mercury-Containing Radicals

. (19 . (19 2, 2,

a®(ns)  a(np) as*(ns) ay(np) as(ns) Ii,a’ v Alsz(gzgl:g; Ad.p;4:-|:) ale(isi % géipzio
19HgCH 0.14(1) 0.56(6) 0.05(1) 0.38(10) 0.02(1) 1.2(2) lggHchHﬂ 6859&33 1 46233 0'208 0'73§1))
CdCHg 0.26(1)  0.45(10) 0.05(9) 0.16(16}0.01(6) 0.89(33) 199G CN? 15960(20) 396(15) 0'45(1) (565(11)
ZnCHy<  0.29(1) 0.56(20) 0.05(10) 0.13(2030.01(7) 1.0(6) 1991gFe 22163(12) 223(8) 0:63(1) 0:36(11)

aThe experimental values were determined using the free atom
comparison method (FACM); see text. The errors are the larger of either
+0.01 or the standard propagated error based onAfieand Agip
experimental errors. The FACM values are only given for the Hg-199
isotope of HgCH. The Hg-201 FACM values are within the experi-
mental error margins given aboveThis work. ¢ From refs 1 and 2.
4 From ref 2.

aThe experimental values were determined using the free atom
comparison method, (FACM) and atomic vales &f,(**°*Hg) =
35110(80) MHz andAsip(***Hg) = 611(42) MHz. The errors are the
larger of either+0.01 or the standard propagated error based on the
Aiso andAgip experimental error< This work. ¢ The spin densities were
derived from theAs, andAgj, values given in ref 19 The spin densities
were derived from thé\s, and Agip values given in ref 20% The spin

) L . . ... densities were derived from th&s, and Agjp values given in ref 21.
mercury 6s orbital contribution. The remaining spin density is

on the carbon nucleus in a 2p orbital. The total spin density on proportion of the higher energy atomic orbital, i.e., p orbital.
the carbon nucleus is higher than that observed for the previouslyThis was observed for both the Cdglnd ZnCH radicals,
studied CdCH and ZnCH radicals and could be due to the and it is the case here for the Hggkadical, except that we
mercury atom having the highest ionization energy of the group see a larger difference between the mercury s and p orbital
12 elements. This means the two mercury valence electrons areharacters due to the aforementioned larger energy difference
more tightly bound to the nucleus, which would lead to an petween the atomic mercury 6s and 6p orbitals.
overall reduction in the unpaired electron spin density on the  The g value decreases as we go from Zn{bl CdCH; to
mercury nucleus and a corresponding increase for the carbonHgCH;. The greatest deviation fromge is observed for the
nucleus. One of the main differences between the Hg@tical HgCHs radical. The deviation ofy; from ge, Agg, can be
and the CdChland ZnCH radicals is the reduced metal s orbital ~ estimated by the following relationshipgr= gn — ge= —2Cay/
character of the HOMO. This is indicative of a metahrbon AE,2° where( is the metal spir-orbit coupling constant, is
bond with covalent greater than ionic character. The metal p the metal p orbital character of the HOMO, ahH is the energy
orbital characters for all three of these radicals do not differ separation between the ground and first excited states. Because
significantly; however, the unpaired electron spin density of the the mercury atom has a larger spiorbit coupling constant than
metal s orbital has shifted onto the methyl group in the HJCH cadmium and zinc and tha, values are very similar for all
radical. This brings us to the second major difference betweenthree radicals, thAgy value for the HgCHradical is expected
the HgCH radical and the ZnCkland CdCH radicals. The to be the greatest overall.
carbon 2p orbital character is significantly higher for the HgCH In previous cases both the Cdghind ZnCH radicals have
radical compared to the two previously investigated group 12 had bonding and electronic structures similar to those of their
monomethylmetals. The carbon 2s characters are small and equaﬂespective hydrides and to each other. The FACM values for
within experimental error for all three radicals. It is interesting the HgCHy/HgH radical pair (Table 3) show the same trends
that the HgCH radical has the lowest metal s orbital character observed for the CdCICdH and ZnCH/ZnH radical cases;
in its HOMO and the lowest bond energy when compared with j.e., metal s orbital character increases and metal p orbital
the CdCH and ZnCH radicals. This would suggest that the character remains relatively unchanged within experimental error
lower the contribution of the metal s orbital in the HOMO the petween the monomethyl and hydride radicals. Overall, the
lower the metal-carbon bond strength. For a purely ionic bond FACM values show a similar spin density distribution for the
we would expect the unpaired electron to be almost entirely HgCH; and HgH radicals, with most of the unpaired electron
localized in the mercury 6s orbital with negligible mercury 6p  spin density on the mercury. The spin density analysis for the
character. For a purely covalent bond assuming sp hybridization HgH radical was carried out using values from the latest HgH
on the mercury, we would expect approximately 50% mercury study of Stowe and KnigH€ In an earlier investigation of the
6p character. The relatively high mercury 6p orbital character HgH radical the weaker parallel peaks were not observed and
and relatively low mercury 6s orbital character of the HOMO  so the mercury, value could only be estimated from its effect
would seem to suggest that the mercucarbon bonding in  on the perpendicular peaks. In the latter investigation the parallel
the radical is more covalent than ionic in nature. peaks were observed; therefore the merayryalue and thus
Jacksohproposed a qualitative molecular orbital diagram for the mercuryAgi, value could be measured directly. The radical
ZnCH; with the metal carbon bonding being a doubly occupied was also trapped in neon, giving us a better overall comparison
o orbital and a singly occupied* orbital. These orbitals arise  between the HgH radical and the neon matrix isolated HgCH
from the overlap of the methyl 3prbital and a mixture of metal  radical. Using the FACM, a 0.73 value is obtained for the
valence s and p orbitals. The large difference between the FACM mercury 6p orbital character. Stowe and Knight suggest some
derived populations in the metal s and p orbital in the HgCH uncertainty in the appropriate value for the atomic merduy
radical HOMO compared with the ZnGHand CdCH radical value and that perhaps the actual value should be higher, which
cases can also be attributed to an uneven contribution of thesewvould give a smaller mercury 6p orbital character. This value
atomic orbitals to ther ando* molecular orbitals. The atomic  does not correspond well with that obtained for the mercury 6p
mercury 6s and 6p orbitals have a significantly larger energy orbital character in the HgCHradical. Another method of
difference between them than the corresponding 4s and 4pestimating the mercury 6p orbital character in the HgH HOMO
orbitals of zinc and the 5s and 5p orbitals of cadmium. Therefore is by using the aforementionetg equation. Using thep for
the bondingr molecular orbital should have a greater proportion the HgH radical in neon of 1.8128 AE value of 24 934 cm!,38
of the lower energy atomic orbital, i.e., s orbital, and the higher and aZep value of~4150 cm1,3° the estimated, value is 0.57.
energy o* molecular orbital (HOMO) should have a higher This value is remarkably close to our FACM-derivadvalue
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of 0.56(6) for the HgCHlradical. Using this approach to estimate
a, for the HgCH radical given that theyg value in neon is
1.8453 and assuming the samkE value as for HgH of 24 934
cm™1, we obtain a value fom, of 0.47. In addition, we can
estimate thea, value for the HgCH radical from the Hg-201
guadrupole coupling constai®'| if we assume the HgC bond
has largelyo character and is purely covalent and that the
mercury d orbitals are not involved in the bonding. The
measured value dfY'| can be relateld to the molecular term
13eqQmol, Where|Q'| = |3eqQmo/4l (2l — 1) and wheregq is
the electric field gradient along the H& bond,Q is the nuclear
guadrupole moment, and for Hg-20% %/,. Using our measured
value of 98(8) MHz for|Q'|, we obtain|eqQmo = 392 MHz
for the HgCH radical, which, when divided by the atomic
value'! of |eqQawm = 780 MHz, givesa, = 0.50, which is

again consistent with the other derivations. The monomethyl-
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for the other group 12 monomethyl radicals as well as the HgH
radical. This leads us to believe that we have in fact trapped
and formed the HgCkiradical and not the HgPy):-CHs or Hg-
(*So)-CHz complex. High-level ab initio calculations would help
to confirm our assignment and we would encourage other
workers to undertake such studies.

Table 3 gives thé\so(1%°*Hg) andAgip(1°*Hg) values and the
FACM derived mercury 6s and 6p characters for various
mercury-containing radicals. The Hg@khadical has the lowest
Aiso value and hence the lowest overall mercury 6s orbital
character in the HOMO. This implies that the bonding is more
covalent in nature compared with the other radicals. As we move
down Table 3, the ionic nature of the bonding increases and
this is reflected in the increasimgs(1°*Hg) value and therefore
increasing mercury 6s orbital character. This is not surprising
as the electronegativity of the substituent increases as we move

metals and metal hydrides of zinc and cadmium also showeddown Table 3.

extremely similara, values.
The gp values for the previously investigated metal methyl

V. Conclusions

and metal hydride radicals were very similar. This does not seem The various isotopomers of the HggFadical were formed

to be the case for the HgGHind HgH radicals. Thgp values
deviate by a greater amount than in the Cd@dH and ZnCH/
ZnH radical cases. The HgGHadical gy value may deviate
from the HgH radicalyy value if we have isolated a HGH3
complex rather than the HgGHadical. Cf@in and co-workers
formed what they believed to be a HBf)-CHz complex in an
argon matrix during the photodissociation of dimethylmercury.

in a microwave discharge and isolated in a neon matrix, and
their electronic structures were probed for the first time using
ESR spectroscopga, Aisd(**Hg), Aiso(**'Hg), Asso*°C), Ao(H),

and Ay(D) were all derived from the ESR spectra. Estimates
were determined for thg,, Adip(**°*Hg), Adip(?°*Hg), andAgip-

(18C) parameters. These values were used in a free atom
comparison method (FACM) analysis to determine the unpaired

A structured 338 nm emission was observed, and the specieslectron spin density distribution for the radical. The unpaired

responsible was thought to be either the HgQiddical, a
strongly bonded complex such as 4@gH,4, Hg-C,H4, or Hg-
(3Po)*CHs, or dimethylmercury itself. Cgin and co-workers

electron seems to be largely localized on the mercury atom in
the radical. The HgCHradical seems to have a metaiarbon
bond that has a lower ionic character than both the Zn&idl

believed the species most likely for this structured emission was CdCH; radicals. The HgChlradical has the lowest overall metal
the Hg@Py):CHs; complex. The reasons they assigned the s orbital character and the highest carbon 2p orbital contribution

complex rather than the radical are as follows: significantly
different AE value when compared to the Cdg;HnCHs, and
HgH radicals and a long decay time4 ms) for the emission
that is characteristic of Héfp) complexes and not of MCH
radicals (M= metal) However, they could only give a tentative

to the highest occupied molecular orbital (HOMO) of all the
group 12 monomethyl radicals. It was also found to have the
lowest ionic character compared with the HgH, HgCN, and HgF
radicals. The FACM results for the HgH and Hg&kadicals,
however, do suggest that the mercuoarbon and mercury

assignment as the large Stokes shift, the vibrational spacings hydrogen bond are quite similar.

and the decreasing intensity of the emission with photolysis time

indicated that the assignment was far from definitive. Given
that the excited state species observed Byi@rand co-workers

Acknowledgment. A.J.M. thanks the Australian Research
Council for support of this work under the Small Grants Scheme

has a lifetime of the order of milliseconds, we would only be @nd The Australian Government Department of Education,

able to observe the corresponding ground-state species, HgEMployment, Training and Youth Affairs (DETYA) who
(1S)-CHs, in our experiments. Our ESR results are not Provided a Research Infrastructure, Equipment and Facilities

consistent with a H3P,)-CHs or a Hg{Sy)-CHz complex. The

Grant that was used to purchase the ESR spectrometer at UWA.

species we observe has a doublet ground state. We would expecF—-K- thanks DETYA for an Australian Postgraduate Award with

the Hg€Po)-CHz complex to have a quartet ground state in line
with previous matrix-isolated spin pair complexes such as H
-*H and N --N which are known to be high-spin systefdg3

The HgSo)-CHz complex would not show the large mercury

p character (approx 0.5) we observe. We believe our mercury
p character value is reliable, as consistent values were obtained

stipend and UWA for a Jean Rogerson Postgraduate Scholarship.
We both thank Dr Lon B. Knight Jr. of Furman University for
helpful discussions concerning this work.

References and Notes

(1) Karakyriakos, E.; Davis, J. R.; Wilson, C. J.; Yates, S. A,

with three completely independent derivations, as discussedMcKinley, A. J.; Knight, L. B., Jr.; Babb, R.; Tyler, D. 3. Chem. Phys.

above. In addition, several methyl radical adducts have been

observed by ESR spectroscopy, e.g.s@Hand CH:Br—.4445
These radicals havg values close to 2.0023, have methyl

hydrogen hyperfine values close to the free methyl radical

1999 110, 3398.

(2) McKinley, A. J.; Karakyriakos, E.; Knight, L. B., Jr.; Babb, R.;
Williams, A. J. Phys. Chem. 200Q 104, 3528.

(3) Long, L. H.J. Chem. Soc., Faraday Trank955 51, 673.

(4) Kallend, A. S.; Purnell, J. HI. Chem. Soc., Faraday Trank964
60, 103

(typically about 90%), and show spin density of between 5% 5y kominar, R. J.; Price, S. Tan. J. Chem1969 47, 991.

and 10% on the heteroatom. Such characteristics are not
consistent with the radicals observed in this work. Finally, the
bonding and electronic structure determined by the FACM for

what we believe to be the HgGHadical seems to agree with

(6) Jackson, R. LChem. Phys. Lettl99Q 174, 53.

(7) Crain, C.; Legay-Sommaire, N.; McCaffrey, J. G.; Tramer,JA.
Phys. Chem. A998 102 4014.

(8) Snelson, AJ. Phys. Chem197Q 74, 537.

(9) Greene, T. M.; Andrews, L.; Downs, A.J.Am. Chem. So4995

the general bonding trend and electronic structure determined117, 8180.



4626 J. Phys. Chem. A, Vol. 108, No. 21, 2004

(10) Legay-Sommaire, N.; Legay, EEhem. Phys. Lett1994 217,
97

(11) Legay-Sommaire, N.; Legay, Ehem. Phys. Lett1996 211,
367.

(12) Almond, M. J.; Rice, D. A.; Sheridan, L. A.; Craig, P. J.; Stojak,
G.; Symons, M. C. R., Rai, U. S. Chem. Soc., Faraday Trank994 90,
3153.

(13) Legay-Sommaire, N.; Legay, FEhem. Phys. Lett1993 207,
123.

(14) Legay-Sommaire, N.; Legay, B. Phys. Chem1995 99, 16945.

(15) Mitra, S.Mercury in the Ecosystem: Its Dispersion and Pollution
Today Trans Tech Publications Ltd: Aedermannsdorf, Switzerland, 1986.

(16) Beyer, W. N., Heinz, G. H., Redmon-Norwood, A. W., Eds.
Environmental Contaminants in Wildlife: Interpreting Tissue Concentra-
tions CRC Press: Boca Raton, FL, 1996.

(17) Farago, M. E. Chemical Processes in Marine Environments. In
Mercury in Marine Emironments Gianguzza, A., Pelizzetti, E., Sammar-
tano, S., Eds.; Springer: Berlin, 2000; Chapter 13.

(18) Knight, L. B., Jr.; Weltner, W., JrJ. Chem. Phys1971 55,
2061.

(19) Stowe, A. C.; Knight, L. B., JiMol. Phys.2002 100, 353.

(20) Knight, L. B., Jr.; Lin, K. C.J. Chem. Physl972 56, 6044.

(21) Knight, L. B., Jr.; Fisher, T. A.; Wise, M. Bl. Chem. Phys1981
74, 6009.

(22) McKinley, A. J.; Karakyriakos, EJ. Phys. Chem. 2000 104,
8872.

(23) Knight, L. B., Jr.; Herlong, J. O.; Cobranchi, S. T.; Kirk, J.
Chem. Phys199Q 92, 6463.

(24) Knight, L. B., Jr.; Banisaukas, T. J., lll; Babb, R.; Davidson, E. R.
J. Chem. Phys1996 105, 6607.

(25) Ozin, G. A.; McCaffrey, J. G.; Parnis, J. Mngew. Chem., Int.
Ed. Engl.1986 25, 1072.

(26) Parnis, J. M.; Ozin, G. AJ. Phys. Chem1989 93 1204.

Karakyriakos and McKinley

(27) Knight, L. B., Jr.; Cobranchi, S. T.; Gregory, B. W.; Jones, G. C.,
Jr.J. Chem. Phys1988 88, 524.

(28) Knight, L. B., Jr.; Cobranchi, S. T.; Petty, J.; Cobranchi, DJP.
Chem. Phys1989 91, 4587.

(29) Knight, L. B., Jr.; Steadman, J.; Miller, P. K.; Cleveland, J. A., Jr.
J. Chem. Phys1988 88, 2226.

(30) Knight, L. B., Jr.; Cobranchi, S. T.; Earl, . Chem. Phys1988
88, 7348.

(31) Weltner, W., J'Magnetic Atoms and Molecutd3over: New York,
1989.

(32) CRC Handbook of Chemistry & Physjcgdth ed.; Lide, D. R.,
Ed.; CRC Press: Boca Raton, FL, 1998.

(33) Neiman, R.; Kivelson, DJ. Chem. Phys1961, 35, 156.

(34) Gersmann, H. R.; Swalen, J. . Chem. Phys.1962 36,
3221.

(35) McDermott, M. N.; Lichten, W. LPhys. Re. 196Q 119, 134.

(36) Schwartz, CPhys. Re. 1957 105 173.

(37) Ammeter, J. H.; Schlosnagle, D. G. Chem. Phys1973 59,
4784.

(38) Mayama, S.; Hiraoka, S.; Kinichi, Q. Chem. Phys1984 81,
4760.

(39) Moore, C. EAtomic Energy Leels NBS: Washington, DC, 1958;
Vol. Il

(40) Van Zee, R. J.; Hamrick, Y. M.; Li, S.; Weltner, W., Jt.Phys.
Chem.1992 96, 7247.

(41) Gordy, W.; Cook, R. L.Microwave Molecular SpectraJohn
Wiley: New York, 1984; p 737.

(42) Knight, L. B., Jr.; Rice, W. E.; Moore, L.; Davidson, E.R.Chem.
Phys.1995 103 5275.

(43) Knight, L. B., Jr.; Bell, B. A.; Cobranchi, D. P.; Davidson, E. R.
J. Chem. Phys1999 111, 3145.

(44) Sprague, E. D.; Williams, F. B. Chem. Phys1971, 54, 5425.

(45) Symons, M. C. R.; Smith, I. Gl. Chem. Soc., Perkin Trans. 2
1981 1181.



